Gamma-ray bursts (GRBs) are among the most powerful sources in the universe. In the recent years, GRBs have been proposed as a complementary probe to type Ia supernovae (SNIa). However, as is well known, there is a circularity problem in the use of GRBs to study cosmology. In this work, based on the Padé approximant, we propose a new cosmology-independent method to calibrate GRBs. We consider a sample consisting 138 long GRBs and obtain 79 calibrated long GRBs at high redshift z > 1.4 (named Mayflower sample) which can be used to constrain cosmological models without the circularity problem. Then, we consider the constraints on several cosmological models with these 79 calibrated GRBs and other observational data. We show that GRBs are competent to be a complementary probe to the other well-established cosmological observations. PACS numbers: 98.80. Es, 95.36.+x, 98.70.Rz, 98.80.Cq 
I. INTRODUCTION
Based on the observations of type Ia supernovae (SNIa), the current acceleration of the universe was firstly discovered in 1998 [1] . This great discovery hints the existence of a new component with negative pressure called dark energy, or a modification to general relativity on the cosmological scale. In order to understand the cosmic acceleration, astronomers have made much effort on the cosmological observations. Besides SNIa, as is well known, there are other well-established cosmological observations such as baryon acoustic oscillations (BAO) and cosmic microwave background (CMB).
In the recent years, Gamma-Ray Bursts (GRBs) [2] [3] [4] [5] have been proposed as a complementary probe to SNIa. Their high energy photons in the gamma-ray band are almost immune to dust extinction, and hence they have been observed up to redshift z ∼ 8 − 9 [6, 7] , well beyond the observed redshift range of SNIa, namely z < 2 [8] . Thus, we might use GRBs to explore the early universe in the high redshift range which is difficult to access by other cosmological probes. To our knowledge, using GRBs to constrain the cosmological models was firstly performed by Dai et al. [9] . However, there is a so-called "circularity problem" [2] in the direct use of GRBs, mainly due to the lack of a set of low-redshift GRBs at z < 0.1 which are cosmology-independent. To calibrate the empirical GRB luminosity relations, one should assume a particular cosmological model with some model parameters a priori. Therefore, when one uses these "calibrated" GRBs (which are actually cosmology-dependent) to constrain cosmological models, the circularity problem appears. To alleviate the circularity problem, some statistical methods were proposed, including the scatter method [10] , the luminosity distance method [10, 11] , the Bayesian method [12] , and so on. However, they still cannot solve the circularity problem completely.
Up to date, in the literature there are several cosmology-independent methods to avoid the circularity problem. For example, Li et al. [13] proposed that one can treat the parameters involved in the empirical GRB correlation relation as free parameters, and determine them simultaneously with the cosmological model parameters by using GRBs data together with other observational data. However, for any given cosmological model, this method can always obtain some parameters for the cosmological model and the empirical GRB luminosity relation. In this sense, any cosmological model is "viable" (except for a few obviously absurd models), and hence this method cannot be used to rule out any cosmological model. So, it is not a satisfactory method to solve the circularity problem completely. A completely cosmologyindependent method was proposed by Liang et al. [14] . The key idea is using distance ladder to calibrate GRBs. Similar to calibrating SNIa as secondary standard candles by using Cepheid variables which are primary standard candles, we can also calibrate GRBs as standard candles with a large amount of SNIa. Liang et al. [14] proposed to divide GRBs into two groups, whose redshifts are z < 1.4 and z ≥ 1.4, respectively. Using a cubic interpolation method, one can obtain the distance modulus of a GRB at a given low-redshift z < 1.4 by interpolating from the Hubble diagrim of SNIa. Since the distance moduli of SNIa are obtained directly from observations, this method is completely cosmology-independent. We can calibrate the empirical GRB luminosity relations with these low-redshift GRBs at z < 1.4, and then derive the distance moduli of the high-redshift GRBs at z ≥ 1.4 by using the calibrated empirical GRB luminosity relations. Obviously, the calibrated high-redshift GRBs can be used to constrain cosmological models without the circularity problem. In [15, 16] , Wei et al. have further developed this method. They considered a sample of 109 GRBs, and obtained 59 calibrated high-redshift GRBs (named Hymnium sample) [16] which can be used to constrain cosmological models. It is worth noting that almost at the same time, Kodama et al. [17] proposed a similar method using also the idea of distance ladder. Instead of the cubic interpolation method used by Liang et al. [14] and Wei et al. [15, 16] , they found an completely empirical formula for the luminosity distance of SNIa at redshift 0.359 < z < 1.755, namely d L 10 27 cm = 14.57 × z 1.02 + 7.16 × z 1.76 .
Next, similar to Liang et al. [14] and Wei et al. [15, 16] , they calibrated the empirical GRB luminosity relations with these low-redshift GRBs at z ≤ 1.755, and then derive the distance moduli of the highredshift GRBs at z > 1.755 by using the calibrated empirical GRB luminosity relations. Obviously, this method has a fatal drawback. As is also admitted by them, the empirical formula in Eq. (1) was written purely by hand without any theoretical foundation. Thus, this method has not been widely used in the literature. On the other hand, Capozziello et al. [18] considered a cosmography method (see also e.g. [19] ). They expanded the luminosity distance d L by using the Taylor series up to high order in redshift z, whose coefficients are characterized by the cosmographic parameters, namely the Hubble constant H 0 , deceleration parameter q 0 , jerk j 0 , snap s 0 and lerk l 0 . Then, they fitted this luminosity distance d L to SNIa dataset, and obtained the best-fit cosmographic parameters with 1σ uncertainty. So, the luminosity distance of GRBs can be derived from the d L expansion with the cosmographic parameters calibrated by SNIa. Obviously, this method is also cosmology-independent. However, it is well known that the Taylor series converges only for small z, and it might diverge at higher redshifts (especially when z ∼ > 1). This shortcoming cannot be completely cured by replacing the redshift z with the so-called y-shift y ≡ z/(1+z), because the error of Taylor approximation throwing away the higher order terms will become unacceptably large when y is close to 1 (say, when z > 9). Unlike the above methods, Wang [20] considered the calibration of GRBs by using the data of GRBs internally, without invoking any external datasets (e.g. SNIa). Based on this method, considering the sample of 109 GRBs given by Wei [16] , Xu [21] derived five data points of distance measurements which do not depend on any cosmological models. However, the method of Wang [20] is still under a slight suspicion that it is not so model-independent actually. In this method, when one determines the statistical errors of correlation parameters and the systematic error, a particular ΛCDM model with Ω m0 = 0.27 was assumed, although they claimed that the correlation parameters themselves do not depend on this assumed ΛCDM model [20, 21] . On the other hand, in this method the absolute magnitude of GRBs is unknown, only the slopes of GRBs correlations can be used as cosmological constraints. As a result, it is shown in e.g. [21] that the constraints on cosmological models using this method is looser than the one of [16] which uses the method proposed by Liang et al. [14] . In fact, several further potential drawbacks of the method of Wang [20] were listed in, for example, the last section of [21] .
In the present work, we try to further develop the cosmology-independent method to calibrate GRBs. Inspired by the methods proposed by Liang et al. [14] , Kodama et al. [17] , and Capozziello et al. [18] , we propose a new method engrafting the advantages of these three methods without their drawbacks. We keep the key idea of distance ladder and the main framework of the method used in e.g. [14] [15] [16] , but change the method to obtain the distance moduli (or luminosity distances equivalently) of the lowredshift GRBs at z < 1.4. Instead of the purely empirical formula for the luminosity distance of SNIa in Eq. (1) [17] , or the Taylor expansion of the luminosity distance of SNIa [18] , we consider the Padé approximant, which can be regarded as a generalization of Taylor polynomial [22, 23] . In mathematics, a Padé approximant is the best approximation of a function by a rational function of given order [22] . In fact, the Padé approximant often gives better approximation of the function than truncating its Taylor series, and it may still work where the Taylor series does not converge [22] . For any function f (x), its corresponding Padé approximant of order (m, n) is given by the rational function [22, 23] 
where m and n are both non-negative integers; α i and β i are all constants. Obviously, it reduces to the Taylor polynomial when all β i = 0. It is worth noting that if we express the luminosity distance of SNIa at low redshift z < 1.4 with the Padé approximant, it is well motivated from the theoretical point of view, unlike the empirical formula in Eq. (1) purely written by hand [17] . As mentioned above, the Padé approximant can also avoid the divergence of Taylor polynomial at high redshift, unlike the case of cosmography method [18] . In this work, we consider a sample consisting of 138 long GRBs. It includes 109 long GRBs adopted directly from [16] , which have 50 low-redshift GRBs at z < 1.4 and 59 high-redshift GRBs at z > 1. 4 . In addition, we adopt other 29 long GRBs from [24] , which include 9 low-redshift GRBs (050126A, 050223, 050803, 060904B, 100621A, 100816A, 101219B, 070508, 100414A) and 20 high-redshift GRBs (100814A, 110213A, 100906A, 081203A, 100728B, 080804, 110205A, 070110, 060714, 060607A, 050908, 061222B, 060906, 060605, 060210, 050505, 060223A, 060510B, 060522, 050814). In total, we have 59 low-redshift GRBs at z < 1.4 and 79 high-redshift GRBs at z > 1.4.
The rest of this paper is organized as followings. In Sec. II, we calibrate 138 GRBs with Union2.1 SNIa dataset using the method of Padé approximant. We obtain 79 calibrated GRBs at high redshift z > 1.4 (named Mayflower sample) which can be used to constrain cosmological models without the circularity problem. In Sec. III, we consider the constraints on several cosmological models with these 79 calibrated GRBs and other observational data. In Sec. IV, the brief conclusion and discussion are given. (4, 4) . See the text for details.
II. CALIBRATING GRBS WITH THE METHOD OF PADÉ APPROXIMANT
In this section, we calibrate 138 GRBs with Union2.1 SNIa dataset [25] (which consists of 580 SNIa) using the method of Padé approximant. The first step is to find a formula for the distance moduli (or luminosity distances equivalently) of these 580 Union2.1 SNIa. Instead of purely empirical formula [17] or Taylor expansion [18] , we consider the Padé approximant given in Eq. (2) which is well motivated from the theoretical point of view as mentioned above. Now, the question is how to choose the order (m, n) of Padé approximant. If the order is too low, the error of Padé approximant will be unacceptably large. If the order is too high, the number of free coefficients are too much and the uncertainties will be large. To find the suitable order (m, n), we test all the corresponding Padé approximants up to order (4, 4) one by one. For each Padé approximant of given order, we fit the distance moduli in the expression of Padé approximant to the real Union2.1 SNIa dataset, and minimize the corresponding χ 2 , namely
where σ is the corresponding 1σ error. Then, we compare all these 16 Padé approximants up to order (4, 4) . A conventional criterion for comparison in the literature is χ 2 min /dof , in which the degree of freedom dof = N − k, whereas N and k are the number of data points and the number of free parameters, respectively. In addition, we also consider other two criterions used extensively in the literature, namely the so-called Bayesian Information Criterion (BIC) and Akaike Information Criterion (AIC). The BIC is defined by [53] 
where L max is the maximum likelihood. In the Gaussian cases, χ
So, the difference in BIC between two fits is given by ∆BIC = ∆χ 2 min + ∆k ln N . The AIC is defined by [54] 
Accordingly, the difference in AIC between two fits is given by ∆AIC = ∆χ 2 min + 2∆k. We present the results in Table I . Notice that the Padé approximant of order (3, 2) has been chosen to be the fiducial one when we calculate ∆BIC and ∆AIC. From Table I , it is easy to see that the Padé approximant of order (3, 2) is the best. So, we express the distance moduli in Padé approximant of order (3, 2), namely
We fit this formula for the distance moduli to the real 580 Union2. 
In Fig. 1 , we present the Hubble diagram of 580 Union2.1 SNIa and the distance moduli expressed in the Padé approximant of order (3, 2) with the best-fit coefficients. The distance moduli of the 59 low-redshift GRBs at z i < 1.4 can be directly read from the formula µ pade (z i ) in Eq. (6) with the best-fit coefficients. The corresponding errors can be obtained by using the well-known error propagation equation for any quantity Q(x i ) [26] (see also e.g. [27, 28] )
where C is the covariance matrix. In our case, the corresponding covariance matrix is given in Eq. (7). We plot the derived distance moduli µ and the corresponding error bars of these 59 low-redshift GRBs in the left panel of Fig. 2 . In Table II , we present the numerical data of these 59 low-redshift GRBs.
As is well known, based on a sample of 12 BeppoSAX GRBs with known redshift, Amati et al. [29] found an empirical relation between the cosmological rest-frame spectrum peak energy E p,i = E p,obs × (1 + z) and the isotropic equivalent radiated energy E iso , namely E p,i = K × E m iso . Note that the isotropic equivalent radiated energy is given by where S bolo is the bolometric fluence of gamma rays in the GRB at redshift z, and d L is the luminosity distance of the GRB. Following e.g. [15, 16] , in this work we calibrate GRBs with the Amati relation. For convenience, following e.g. [16, 30] , we recast the Amati relation as log
where "log" indicates the logarithm to base 10, whereas λ and b are constants to be determined. By using the well-known relation
we can convert the distance modulus µ of each low-redshift GRB into luminosity distance d L (in units of Mpc), and then E iso by employing Eq. (9) while S bolo is known in [16, 24] . We present them in the right panel of Fig. 2 , whereas E p,i of these 59 low-redshift GRBs at z < 1.4 are taken from [16, 24] . From Fig. 2 , one can clearly see that the intrinsic scatter is dominating over the measurement errors. Therefore, as in [14, 30] , the bisector of the two ordinary least squares [31] will be used. Following the procedure of the bisector of the two ordinary least squares described in [31] , we find the best fit to be b = 1.7969 and λ = 52.7333 ,
with 1σ uncertainties σ b = 0.0070 and σ λ = 0.0035 .
The best-fit calibration line Eq. (10) with b and λ in Eq. (12) is also plotted in the right panel of Fig. 2 . From Eq. (13), one can see that the calibration in this work is slightly better than the one in [15, 16] . Next, we extend the calibrated Amati relation to high redshift, namely z > 1.4. Since E p,i for the 79 GRBs at z > 1.4 have been given in [16, 24] , we can derive E iso from the calibrated Amati relation Eq. (10) with b and λ in Eq. (12) . Then, we derive the distance moduli µ for these 79 GRBs at z > 1.4 using Eq. (9) and Eq. (11) while their S bolo can be taken from [16, 24] . On the other hand, the propagated uncertainties are given by [30] σ
where
in which σ Eiso,sys is the systematic error and it accounts the extra scatter of the luminosity relation. As in [30] , by requiring the χ 2 /dof of the 59 points at z < 1.4 in the log E p,i /(300 keV) − log E iso /erg plane about the best-fit calibration line to be unity, we find that
Note that in principle σ 2 Eiso,sys is a free parameter. However, if we allow it to vary with cosmology, as in e.g. [32] , there might be a room for the circularity problem. Even if one does not care this problem, the constraints on cosmological models become loose, mainly due to the fact that the number of free parameters has been increased. On the other hand, we have not used any cosmology when we calibrate GRBs at z < 1.4, so we have no freedom to determine σ 2 Eiso,sys by cosmology, and hence we should use the method in [30] to fix it by requiring χ 2 /dof = 1. We admit that this prevents us to learn the systematics dominating the Amati relation. Nevertheless, we plot the derived distance moduli µ with 1σ uncertainties for these 79 GRBs at z > 1.4 in Fig. 3 . We also present the numerical data of these 79 high-redshift GRBs in Table III . It is worth noting that these 79 high-redshift GRBs are obtained in a completely cosmology-independent manner, and hence can be used to constrain cosmological models without the circularity problem. We would like to name them Mayflower sample for convenience. [16, 24] , whereas the last column is derived by using the calibrated Amati relation. These 79 calibrated GRBs are named Mayflower sample, and can be used to constrain cosmological models without the circularity problem. 
III. OBSERVATIONAL CONSTRAINTS ON COSMOLOGICAL MODELS
In this section, we consider the observational constraints on various cosmological models. In addition to the 79 Mayflower GRBs obtained in the present work (see Table III ), we also consider other types of observational data. Of course, the Union2.1 SNIa dataset [25] (which consists of 580 SNIa) will be used. The data ponits of both SNIa and GRBs are given in terms of the distance modulus. Following the methodology described in e.g. [16] , one can obtain the corresponding χ 2 SN and χ 2 GRBs , respectively. Another important probe is the cosmic microwave background (CMB) anisotropy [33, 34] . Recently, the WMAP Collaboration released their final 9-year data (WMAP9) [33] . The Planck Collaboration also released their first data (Planck) [34] . As is noted by Planck Collaboration itself, there is a subtle tension between Planck data and WMAP data. So, in this work we consider these two CMB data separately. However, using the full data of CMB to perform a global fitting consumes a large amount of computation time and power. As an alternative, one can instead use the shift parameter R from CMB data. It is argued in e.g. [35] [36] [37] that it is model-independent and contains the main information of the full CMB data. The shift parameter R is defined by [35] [36] [37] 
where Ω m0 is the present fractional density of pressureless matter; z * is the redshift of recombination; E ≡ H/H 0 and H is the Hubble parameter (the subscript "0" indicates the present value of corresponding quantity). Its was determined in [35] that R = 1.7302±0.0169 and z * = 1089.09 for WMAP9 [33] , whereas R = 1.7499 ± 0.0088 and z * = 1090.41 for Planck [34] . The corresponding χ
R . Finally, we consider also the observation of large-scale structure (LSS) [38] . Similarly, it is also argued in e.g. [36] that the distance parameter A from the baryon acoustic oscillation (BAO) peak is modelindependent and contains the main information of the LSS data. The distance parameter A is defined by [38, 39] 
where z b = 0.35. In [39] , the value of A has been determined to be 0.469 (n s /0.98) −0.35 ± 0.017. Here the scalar spectral index n s is taken to be 0.9662 [37] from the Planck data [34] . The corresponding min and the best-fit model parameters from various joint datasets for the ΛCDM, XCDM models, respectively. Note that the 1σ and 2σ uncertainties are also given for the ΛCDM model.
GRBs . The bestfit model parameters are determined by minimizing the total χ 2 . As in [41, 42] , the 68.3% confidence level is determined by ∆χ 2 ≡ χ 2 − χ .72 for n p = 1, 2, 3, 4, respectively. In the following subsections, we use various datasets to constrain cosmological models. To see the possible difference between Planck and WMAP9, we constrain the models with these two CMB data separately. We also consider the datasets with or without 79 Mayflower GRBs, to see the effect of GRBs on the constraints. So, in the followings, we use four joint datasets, namely, SN+BAO+Planck, SN+BAO+Planck+GRBs, SN+BAO+WMAP9, SN+BAO+WMAP9+GRBs, respectively. Note that we consider a flat Friedmann-Robertson-Walker (FRW) universe containing only pressureless matter and dark energy, except the case of Dvali-Gabadadze-Porrati (DGP) model in which the cosmic acceleration is due to a modification to general relativity rather than dark energy.
A. ΛCDM model
At first, we consider the observational constraints on the flat ΛCDM model. As is well known, the corresponding E = H/H 0 reads
It is easy to obtain the total χ 2 as a function of the single model parameter Ω m0 for the ΛCDM model. We present the corresponding χ 2 and likelihood L ∝ e −χ 2 /2 in Fig. 4 . In Table IV , the χ 2 min and the best-fit model parameter Ω m0 (with 1σ and 2σ uncertainties) from various joint datasets are given. From  Fig. 4 and Table IV, we can see that Planck data favors a larger Ω m0 than WMAP9 data, while GRBs data also favors a slightly larger Ω m0 .
B. XCDM model
In the XCDM model, the equation-of-state parameter (EoS) of dark energy is a constant w x . The corresponding E(z) is given by
There are two free model parameters, namely Ω m0 and w x . By minimizing the corresponding total χ 2 , we find the best-fit parameters and present them in Table IV. In Fig. 5 , we present the corresponding 68.3% and 95.4% confidence level contours in the Ω m0 − w x parameter space from various joint datasets for the XCDM model. From Fig. 5 and Table IV , it is easy to see that Planck data favors a larger Ω m0 and a smaller w x than WMAP9 data, while GRBs data favors slightly larger values of both Ω m0 and w x . 
C. CPL model
In the well-known Chevallier-Polarski-Linder (CPL) model [40] , the EoS of dark energy is given by
where a is scale factor; w 0 and w a are both constants. The corresponding E(z) is given by [41, 42] 
There are three free parameters in this model, namely Ω m0 , w 0 and w a . By minimizing the corresponding total χ 2 , we find the best-fit model parameters from various joint datasets for the CPL model, and present them in Table V . In Figs. 6, 7 and 8, we also show the 68.3% and 95.4% confidence level contours in the w 0 − w a , Ω m0 − w 0 and Ω m0 − w a planes, respectively. From Table V and Figs. 6-8, we see that Planck data favors a larger Ω m0 , a larger w 0 and a smaller w a than WMAP9 data. Note that Planck data favors a w 0 > −1 and a negative w a , which means that dark energy was phantom-like (w de < −1) in the past, then its EoS crossed the phantom divide, and became quintessence-like (w de > −1) recently; finally its EoS will become positive in the future. On the contrary, WMAP9 data favors a w 0 < −1 and a positive w a , which means that dark energy was quintessence-like (w de > −1) in the past, then its EoS crossed the phantom divide, and became phantom-like (w de < −1) recently; finally the universe will end in a big rip. On the other hand, we find that GRBs data favors a slightly larger Ω m0 , a slightly smaller w 0 and a slightly larger w a . 
D. DGP model
The Dvali-Gabadadze-Porrati (DGP) model is a popular model which modifies the gravity to allow the cosmic acceleration without dark energy [43, 44] . This model could arise from the braneworld theory in which gravity leaks out into the bulk on large scales. As is well known, for the flat DGP model (here we only consider the self-accelerating branch), the corresponding E(z) is given by [43, 44] 
where Ω rc is a constant. It is easy to see that E(z = 0) = 1 requires
Therefore, the DGP model has only one independent model parameter Ω rc . Notice that 0 ≤ Ω rc ≤ 1/4 is required by 0 ≤ Ω m0 ≤ 1. It is easy to obtain the total χ 2 as a function of the single model parameter Ω rc . In Fig. 9 , we plot the corresponding χ 2 and likelihood L ∝ e −χ 2 /2 from various joint datasets for the DGP model. In Table VI , we also present the χ 2 min and the best-fit model parameters (with 1σ and 2σ uncertainties) from various joint datasets for the DGP model. It is easy to see that Planck data favors a smaller Ω rc than WMAP9 data, while GRBs data favors a slightly smaller Ω rc . 
E. SGCG model
The Chaplygin gas (CG) model was firstly proposed by Kamenshchik et al. [45] . In this model, the pressure p of the fluid is related to its energy density ρ through p = −A/ρ, where A is a positive constant. In the literature, the generalized Chaplygin gas model (GCG) [46] model is extensively considered, in which the equation of state for this fluid is generalized to
where η is a constant. Originally, the CG or GCG models were considered as promising models united dark matter and dark energy [45, 46] , since this fluid can mimic pressureless matter in the early time and cosmological constant in the late time. However, this possibility was excluded later (see e.g. [55] ). Thus, in the literature, the CG or GCG are usually considered as a candidate of dark energy only, coexisting with dark matter. In the GCG model, there are 3 free parameters, namely Ω m0 , η and A. In [47] , Lima et al. proposed a simplified GCG (SGCG) model, in which they argued that the parameter A could be related with η according to A = ηρ 1+η 0 . So, the simplified equation of state becomes [47, 48] 
As is argued in [47] , η > 0 is required by p < 0 to accelerate the universe, while η ≤ 1 is required by the causality, namely the adiabatic sound speed of this fluid cannot exceed the speed of light. So, as in e.g. [47] [48] [49] [50] , we also restrict 0 < η ≤ 1 in this work. In the SGCG model, the corresponding E(z) is given by [47] [48] [49] 
Now, there are only two free parameters in this model, namely Ω m0 and η. By minimizing the corresponding total χ 2 , we find the best-fit parameters and present them in Table VII . In Fig. 10 , we present the corresponding 68.3% and 95.4% confidence level contours in the Ω m0 −η parameter space from various joint datasets for the SGCG model. From Table VII a larger Ω m0 and a slightly larger η than WMAP9 data, while GRBs data favors a slightly larger Ω m0 and a slightly smaller η. However, it is obvious that all joint datasets favor η ≃ 1 (in this case the SGCG model reduces to the original CG model).
F. RDE model
The so-called holographic dark energy (HDE) has been studied extensively in the literature. Based on the holographic principle, it is argued that the density of dark energy is given by
, where M p is the reduced Planck mass; c is a numerical constant characterizing some uncertainties in the effective quantum field theory, and L is the IR cut-off. In [51] , Gao et al. proposed the so-call Ricci dark energy (RDE) model, which can be regarded as a variant of HDE model. In this model, the IR cut-off L is chosen to be proportional to the Ricci scalar curvature radius, and hence L −2 ∝Ḣ + 2H 2 . So, the density of RDE reads [51] ρ de = 3αM
where α is a dimensionless constant. In this model, it is easy to find that [51, 52] E(z) = 2Ω m0 2 − α (1 + z) There are two free model parameters, namely Ω m0 and α. By minimizing the corresponding total χ 2 , we find the best-fit parameters and present them in Table VIII. In Fig. 11 , we present the corresponding 68.3% and 95.4% confidence level contours in the Ω m0 − α parameter space from various joint datasets for the RDE model. From Table VIII and Fig. 11 , we see that Plank data favors a larger Ω m0 and a smaller α, while GRBs data favors a slightly larger Ω m0 . However, it is obvious that the effect of GRBs data on the constraints is fairly weak for the RDE model.
IV. CONCLUSION AND DISCUSSION
Gamma-ray bursts (GRBs) are among the most powerful sources in the universe. In the recent years, GRBs have been proposed as a complementary probe to type Ia supernovae (SNIa). However, as is well known, there is a circularity problem in the use of GRBs to study cosmology. In this work, based on the Padé approximant, we propose a new cosmology-independent method to calibrate GRBs. We consider a sample consisting 138 long GRBs and obtain 79 calibrated long GRBs at high redshift z > 1.4 (named Mayflower sample) which can be used to constrain cosmological models without the circularity problem. Then, we consider the constraints on several cosmological models with these 79 calibrated GRBs and other observational data. We show that GRBs are competent to be a complementary probe to the other well-established cosmological observations. Some remarks are in order. First, in our calibration of GRBs, the Padé approximant plays an important role. In fact, the present work is not the first one using the Padé approximant in cosmology. We refer to e.g. [56] (see also [23] ) for the previous relevant works. In these works, the Padé approximant has been used in the slow-roll inflation, the reconstruction of the scalar field potential from SNIa, the data fitting of luminosity distance, the EoS parameterization, and the cosmological perturbation in LSS. Second, when we calculate the errors for the distance moduli of the 59 low-redshift GRBs at z i < 1.4, the standard error propagation equation is used. In fact, there is an alternative way. Similar to e.g. [28] , we can instead use the Monte Carlo method to evaluate the error propagations. That is, we generate a multivariate Gaussian distribution from the best-fit parameters and the corresponding covariance matrix. And then, we randomly sample N suits (say, N = 10 6 ) of the parameters {α 0 , α 1 , α 2 , α 3 , β 1 , β 2 } from this distribution. For each suit of {α 0 , α 1 , α 2 , α 3 , β 1 , β 2 }, we can find the corresponding distance moduli of the 59 low-redshift GRBs from Eq. (6) . After all, we can determine the means and the corresponding 1σ errors for the distance moduli of the 59 low-redshift GRBs at z i < 1.4 from these N samples. Of course, it is not surprising that the errors for the distance moduli of the 59 low-redshift GRBs obtained from the standard error propagation equation and the Monte Carlo method are coincident. Finally, the Mayflower sample of 79 calibrated GRBs obtained in the present work can be used to constrain cosmological models without the circularity problem. Thus, we suggest the community to use it in the relevant works.
